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In a recent paper published in this journal, Staveley (1937) has shown th a t th e effect of adding nitric oxide to ethane is to reduce the rate of increase in pressure when the gas is heated a t constant volume in the neighbourhood of 600°. Assuming th a t the nitric oxide rem ains sensibly unchanged, he concludes th a t the effect of th e addition of this gas is to inhibit the prim ary decomposition of the ethane, and explains this on the supposition th a t the nitric oxide removes free radicals, which initiate reaction chains. In the present paper we shall show th a t some im portant facts have been overlooked, and particularly th a t nitric oxide itself reacts w ith ethane a t a rate which is com parable w ith th a t of the prim ary decomposition process.
E x pe r im e n t a l w ork
The m ethod which we have used is substantially th e same as we have employed in this laboratory in a num ber of other investigations, and has been referred to as the m ethod of detailed analyses. I t is adm ittedly laborious, and for this reason we have only been able to carry out a single series of experiments, in which the initial concentration of the ethane was 0-01 g.mol.-litre, and th a t of the nitric oxide one-tenth of this am ount. The tem perature a t which the experim ents were carried out was 590°. Two silica reaction tubes of capacity close to 59 c.c. were used, and each of these cracked on chilling after it had been used for about tw enty experim ents.
An accurately m easured q u antity of the gas was condensed in a reaction tube, which was then sealed. E thane, having a negligibly small vapour pressure a t -180°, could be condensed completely, b u t using a m ixture of ethane and nitric oxide, a small qu an tity of gas rem ained in th e dead space of the filling apparatus, and this was collected, analysed, and allowed for. After heating the reaction tube for varying periods up to 20 m in., it was chilled, and fractions of the gas were taken off a t -180° and -80°, a m ethod of refractionation being used so as to secure th e practically com plete separation of the low-and high-boiling constituents.
In the case of the experim ents w ith pure ethane, th e -180° fraction contained hydrogen, which was estim ated by com bustion over copper oxide a t 290°, small quantities of m ethane, estim ated by com bustion a t 600°, and nitrogen accum ulated in the course of the processes of m anipula tion. The -80° fraction contained ethane and ethylene. The la tte r was difficult to estim ate accurately as the difference between two relatively large quantities. However, the results of the first four experim ents w ith pure ethane show th a t the hydrogen and ethylene are formed in quantities which (g.mol.-litre/min.) are closely equivalent, th u s: The rate of prim ary decomposition of the ethane can be determ ined with the same accuracy from the increase in volume, taken as the sum of the volumes of the two fractions, as from the quan tity of hydrogen formed, the q u a n tity of m ethane and of condensate form ed being too sm all to m easure. These quantities are p lo tted in fig. 1 . I t is obvious th a t th e m ethane is formed m ainly in the first few m om ents of the reaction, and its form ation is probably a surface phenomenon, and not the result of the homogeneous reaction of ethane and ethylene (Travers I 937a )-The two tubes did not behave very differently so far as the form a tion of m ethane is concerned, bu t in the case o f the second tube the form a tion of hydrogen, and the increase in volume, was delayed initially. This was confirmed by repeated experim ents carried o u t a t the 5 min. interval, the experiments being the second, sixth, and ten th in the series. Check experim ents showed th a t hydrogen could be introduced into a reaction tu b e under the conditions of the experim ent, an d recovered w ith o u t loss. The nitrogen is the q u a n tity accum ulated in th e tw o fractions in the m anipulative process. A p art from one or tw o erratic results, th e q u a n tity is close to 0-00005 g.m ol.-litre per fraction. W e shall refer to th is q u a n tity later.
In the experim ents w ith ethane and nitric oxide th e -180° fraction contained unreacted nitric oxide, hydrogen, an d sm all q u an tities of carbon monoxide, m ethane, and nitrogen. The -80° fraction contained a gas which was absorbed by brom ine, and which was p a rtly ethylene an d p a rtly a nitrogen-containing carbon com pound, unchanged ethane, an d a nitrogencontaining gas the n atu re of which will be discussed later. The sum s of th e volumes of th e tw o fractions, for th e intervals up to a b o u t 12-5 m in., did n o t differ sensibly from the volum e of the original gas, 0-00110 g.m ol.-litre, and then increased slowly ( fig. 2 A) . This fact does n o t necessarily im ply th a t if th e pressure change were observed a t con stan t volum e and a t th e reaction tem p erature, no change of pressure would be observed a t first, since a little w ater, or carbon com pound non-volatile a t -80° m ight have been form ed. However, it offers a p artial explanation of S taveley's results (Staveley 1937) , and, tak en w ith facts to be presented later, shows th a t th e nitric oxide and eth an e react w ith decrease in volume. The process of analysis of the fractions proceeded as follows. In the case of the -180° fraction the operations were:
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M in u tes
(a) A bsorption of nitric oxide by chromous chloride (Gay and Travers 1937, p. 768) .
(b) O xidation of hydrogen and carbon monoxide by copper oxide a t 290°, observation of reduction in volume, and absorption by alkali.
(c) O xidation of m ethane by copper oxide a t 600° and absorption by alkali.
(d) N itrogen by difference.
In the case of the -80° fraction the operations w ere:
(a) T reatm ent w ith bromine, and observation of reduction in volume.
(b) O xidation by copper oxide a t 600°, and absorption by alkali.
(c) N itrogen by difference.
The am ounts of nitric oxide rem aining are set down in Table I I I and are shown by the graph in fig. 2 B. Fig. 3 shows th e quantities of hydrogen produced. The quantities of carbon monoxide and m ethane are also given together in Table II I. They are small, and show no tendency to increase regularly. These gases are probably the products of reactions taking place a t the surface during the first short tim e interval. The am ounts of nitrogen present in the -180° fractions, less 0*00005 g.mol.-litre, the q u antity which, as the ethane experim ents show, m ay accum ulate in one fraction in the process of analysis, increase fairly regularly w ith tim e (Table II I, fig. 4 ). These quantities represent nitric oxide, or some product of its reaction w ith ethane, reduced to nitrogen. The quantities of gas absorbed by bromine, and the residues from the -80° fraction, the latter less 0*00005 g.mol.-litre, are also set down in Table III . The la tte r are irregular, and the quantities show no relation to the time interval. I t was thought th a t they m ight represent quantities of nitrous oxide. However, it is probable th a t the nitrogen is derived from some carbon-nitrogen compound, which is incompletely removed by the bromine. The sum of the quantities of gas absorbed by bromine, plus twice 2-2 th a t of the nitrogen in the -80° fraction (less (M)0005 g.mol.-litre)] are plotted against the tim e in fig. 4 . This graph shows th e ra te of increase in the ethylene and nitrogen-containing compound, formed by th e reaction of nitric oxide and ethane, and also possibly ethylene oxide or a peroxide. I t shows th a t some change is proceeding w ith accelerated velocity. The disappearance of the ethane ( fig. 6 ) is a t first rapid, th en slow, and then again rapid.
D isc u ssio n of the e x p e r im e n t a l r esu l ts
A difficulty in the way of the q uantitativ e treatm en t of this problem is the fact th a t surface is not w ithout influence on the prim ary decomposition of ethane, and the effects observed are particularly m arked in the early stages of the process, which is the region in which the results of such investigation are of particular interest. Though Staveley (1937) found the effect to be small, Travers and Pearce (1934, P-532) found it to be con siderable, and the present investigation confirms their conclusion. I t may be observed th a t it is frequently stated in the literature th a t Marek and McCluer (1931) proved th a t the reaction is homogeneous. They did not do so, but accepted the statem ent of Frey and Smith (1928) th a t a copper surface had little influence on the process between 200 and 400°, and assumed th a t it would be w ithout influence a t 600°. An atte m p t to deter mine the rate of the prim ary process in silica apparatus a t tem peratures near to 600° in this laboratory was abandoned on account of the difficulties associated with surface effects. The first conclusion arrived a t from these experiments is th a t while the rate of the prim ary decomposition of ethane is reduced by addition of nitric oxide, th a t gas enters into rapid reaction w ith ethane. As the prim ary decomposition process still proceeds to some extent, the reaction between ethane and nitric oxide m ust take place w ith dim inution of volume. From the outset some nitrogen (appearing in the -180° fraction) is formed ( fig. 4) , so th a t the quantity of the nitrogen-carbon compound present a t any moment in the gas phase, estim ated as NO, is given by [0-001-NO in gas + 2 (N2 in -180° fraction -0-00005)] in g.mol.-litre. The concentration appears to increase to a maximum a t 12-5 min., and then to diminish ( fig. 7) . This dim inution of the concentration of the nitrogen-carbon com pound, which indicates an acceleration of the rate a t which it disappears, is accompanied by m arked acceleration of one of the processes which give rise to the products which are absorbed by bromine.
If the formation of hydrogen from the nitric oxide-ethane m ixture represents the prim ary decomposition of ethane, direct inspection of the graphs shows th a t the initial rate of this process, and the initial rate of disappearance of nitric oxide, together represent a rate of chemical change not far different from the initial rate of the prim ary decomposition of the ethane in absence of nitric oxide. However, while the rate of formation of hydrogen remains sensibly constant ( fig. 3) , the rate of disappearance of nitric oxide diminishes ( fig. 2 B) , and the concentration of the carbonnitrogen compound reaches a maximum, and then diminishes, while the rate of formation of the constituents absorbed by bromine tends, ultim ately, to accelerate very rapidly, indicating th a t a third process is developing. This is probably initiated by the interaction of ethane, either with the carbon-nitrogen compound, or with some oxy-compound derived from it, and gives rise to ethylene.
I t was not expected th a t the rate of disappearance of nitric oxide would bear any simple relationship to the concentration of the nitric oxide, alone or in association w ith th a t of the ethane. The following figures confirm this. The theory of free radicals offers no explanation of the phenomena which we have described since they would have to be present in sufficient quantity to account for the rapid reaction between nitric oxide and ethane.
The explanation which we p u t forward to account for the retardation of the prim ary decomposition of ethane in association with the development of the reaction between ethane and nitric oxide is as follows. I t is generally adm itted th a t in certain cases, particularly those in which a unimolecular reaction requiring a high activation energy is proceeding, the MaxwellBoltzmann energy distribution is not maintained, and the rate of the reaction may fall off owing to the concentration of hot molecules falling below the equilibrium concentration. In the case of the prim ary decomposi tion of ethane, it is generally agreed th a t the process is unimolecular with an activation energy of about 75 kcal., so th a t this m ight be a case in which this particular condition obtained. The bimolecular reaction between ethane and nitric oxide certainly requires a lower activation energy, and tends, therefore, to depress the concentration of the hot ethane molecules capable of taking part in the changes involved in the prim ary decomposition process.
I t appears th a t the reaction involving the ethane and nitric oxide is itself slowed down owing to the operation of a tertiary process, which involves reaction of ethane with the product of the ethane-nitric oxide reaction. This compound is doubtless complex, and the tertiary change probably proceeds with lower activation energy than either the prim ary or secondary reaction, and though the latter is bimolecular, the slowing down of it is still due to further disturbance of the energy distribution amongst the ethane molecules. We may represent the three processes by:
(1) (C2H 6)', E1 = 75 kcal.->C2H4 + H 2, (2) (C2H6)' + NO,
One can regard reaction (2) as being substituted for reaction (1), and reaction (3) as being substituted for reactions (1) and (2).
Summary
The therm al decomposition of pure ethane, and of a m ixture of ethane and nitric oxide have been studied at 590° in silica apparatus by the m ethod of detailed analyses.
The observation of Staveley (1937) th a t the addition of nitric oxide to ethane reduces the rate of prim ary decomposition is confirmed. However, it is shown th a t a rapid reaction takes place between ethane and nitric oxide, w ithout apparent increase in volume; wherefore the reaction could not have been detected by the pressure measurem ent m ethod which Staveley employed. The product of the ethane-nitric oxide reaction at first increases in concentration in the gas and then diminishes. I t has not been isolated.
The ethane-nitric oxide reaction itself slows down after an interval, but as it does so, a reaction which appears to involve ethane and the product of the ethane-nitric oxide reaction develops. One product of this reaction appears to be ethylene.
The theory of free radicals cannot be used to explain the facts now pu t forward.
I t is suggested th a t the ethane-nitric oxide reaction operating w ith a lower activation energy than the prim ary decomposition process, removes hot molecules a t a rate faster than they can be supplied to m aintain the Maxwell-Boltzmann equilibrium. The result is th a t the former process is to a considerable extent substituted for the latter. The ethane-nitric oxide reaction in tu rn slows down a t a rate faster th an can be accounted for by the removal of ethane or nitric oxide. This is associated with the operation of a reaction between ethane and a product of the ethane-nitric oxide reaction a t an activation energy still lower th an the ethane-nitric oxide reaction itself. % R efer en c es F re y a n d S m ith 1928 J . 
